Abstract: Tuberculosis remains a leading cause of infectious disease morbidity and mortality worldwide. Therefore, the ability to discriminate between strains of the causative agent, Mycobacterium tuberculosis (M. tuberculosis), is an important issue for public health epidemiologists when tracking transmission of the disease. Several molecular typing methods are in use; however, some are labor intensive and technically demanding, while others require expensive equipment. Recently, a novel analysis of the presence or absence of genomic signatures in open reading frames (ORFs) was demonstrated to have several advantages over conventional typing methods: it uses a simple and rapid polymerase chain reaction (PCR)-based method, and the results are stable and easily comparable among institutions. We used this technology to develop a novel molecular typing method to assess the composition of small genomic islets (SGIs) derived from ORFs in the genomic sequences of M. tuberculosis. Analyses of the whole genome sequences of five M. tuberculosis complex strains led to the selection of nine SGIs. The conservation of each SGI was investigated in 40 clinical isolates from several different groups. The SGI patterns exhibited a clear difference between Beijing family members and T3-OSAKA, suggesting that the analysis of SGIs is useful for the discrimination of these strains.
INTRODUCTION
Mycobacterium tuberculosis (M. tuberculosis), the etiological agent of tuberculosis, has been a significant source of morbidity and mortality since antiquity. Worldwide, approximately 8.6 million people were affected in 2012, with 1.3 million deaths [1] . The most widespread M. tuberculosis strains are members of the Beijing family (known as lineage 2, [2] ). Beijing is the dominant family in many locations in East Asia, particularly in China [3, 4] , and is the primary source of the emerging multidrug resistant (MDR) strains [5, 6] that are responsible for outbreaks in many countries.
Because M. tuberculosis is primarily transferred among humans, strain discrimination can be a vital key in tracking the course of transmission among patients. Several molecular methods are used to discriminate clinical strains of M. tuberculosis: restriction fragment length polymorphisms (RFLP), variable number of tandem repeats (VNTR) and spoligotyping. Insertion sequence (IS) 6110-based RFLP is the gold standard for M. tuberculosis strain discrimination [7] . M. tuberculosis contains 0-26 copies of IS6110 in the chromosome, which form different RFLP gel banding patterns for epidemiologically unrelated strains [8] . However, this methodology has several disadvantages: the method is labor intensive and requires a large amount of high quality bacterial genomic DNA; the analog band pattern must be analyzed digitally for inter-facility comparisons; and the polymorphisms might be of limited use in supplemental methods if there are fewer than six insertion sites.
VNTR analysis utilizes a variable number of tandem repeats for genotyping [9, 10] . Bacterial genomes contain many interspersed repeat units, the number and size of which can be used to categorize microbial strains following PCR amplification [11] . The digitally acquired data are more suited for further analyses or comparisons. However, when VNTRs were used to analyze the same locus (target) in lineage 4 (Europe, America, Africa [2] ) and lineage 2 (East Asia) mycobacteria, the method could not discriminate the Beijing strains [12, 13] . A large collection of Beijing strains was not differentiated by Supply's 15-loci VNTR analysis because this assay was initially developed to analyze lineage 4, not lineage 2 (Beijing family) [14] [15] [16] . Therefore, a novel VNTR assay with better discriminatory power for East Asian strains, particularly lineage 2, is needed [17, 18] .
The third discrimination method, spoligotyping [19] , utilizes a genomic locus that contains approximately 40 copies (the analysis of a copy number of 43 is universally available) of a short direct repeat (DR). DRs are separated by spacers whose sequence, between specific DRs, is conserved among strains. Because strains differ in terms of the presence or absence of specific spacers, the pattern of spacers in a strain can be used for genotyping. Spoligotyping has several advantages over IS6110-based RFLPs. Since only small amounts of DNA are required, it can be performed directly from clinical samples or from colonies shortly following inoculation. The results are expressed as positive or negative for each spacer and can be expressed in a digital format. T3-OSAKA (also known as SIT627 [20] ) was named after Osaka, Japan, where the strain was initially isolated. It was characterized with spoligotyping by the presence of spacers 1-4 and 9-12 and the absence of spacers 5-8 and 33-36 [20] [21] [22] [23] . Previously, the T3 strain (T represents modern TB strains in the international spoligotyping database) was defined only by the absence of spacers 13 and 33-36. Thus, T3-OSAKA was expected to be a variation of the T3 strain. T3-OSAKA is found mainly in Japan, but has also been reported in Finland and Mexico, which has been confirmed in SpolDB4 (fourth international spoligotyping database) [24] .
In the Osaka area, the Beijing family is the predominant strain, and here the proportion of MDR patients is higher than the national average in Japan. Because Beijing strains are expected to develop drug resistance faster than T3-OSAKA [23] , the importance of discriminating between strains becomes obvious. The best way to differentiate between Beijing and T3-OSAKA strains is to detect a specific pattern of spacers by spoligotyping. But spoligotyping is expensive and requires a special apparatus. A new typing method that can discriminate T3-OSAKA and Beijing strains must be simple to perform and less expensive than spoligotyping.
A new molecular typing method, phage derived open reading frame typing (POT) is used to discriminate methicillin-resistant Staphylococcus aureus (S. aureus) (MRSA) and/or Salmonella enterica serovar typhimurium infection [25] [26] [27] . MRSA-POT was developed based on the observation that the S. aureus genome contains regions of open reading frames (ORFs) from bacteriophages. Phages, as well as small genomic islets (SGIs), are frequently utilized as ORF readouts. For the MRSA-POT assay, SGIs in S. aureus were defined as small ORFs comprised of one to five genes as well as single-nucleotide variation [28] . In a case of MRSA, the pattern of the presence or absence of such SGIs in the phages revealed high resolution and high diversity of discrimination [25, 26, 29, 30] . The presence or absence of a particular SGI signature was associated with multilocus sequence typing (MLST) results in the discrimination of S. aureus [31] . Utilizing such patterns has several advantages. For example, the results are obtained rapidly and easily, are consistent among operators, and can be compared among different institutions.
The genomes of the M. tuberculosis complex (MTBC) have been sequenced [32, 33] and are now available from websites such as the US National Library of Medicine and GenBank. The sequencing data could be used to facilitate the development of cost-effective genotyping methodologies for MTBC. Similar ORFs comprising SGIs may be present or absent in the genomic signature of different strains of M. tuberculosis. We have developed a novel molecular typing method for M. tuberculosis using SGI Patterns (TB-SGIP) and have confirmed its ability to discriminate between T3-OSAKA and members of the Beijing family.
METHODS

Selection of Candidate SGIs from Whole-Genome Sequence Data
The whole genome sequence data of five MTBC strains already published in the microbial genome database for comparative analysis web site (http: //mbgd.genome.ad.jp/) were compared: CDC1551, F11, H37Ra (ATCC25177), H37Rv and M. bovis (AF2122_97). SGIs that are absent in at least one of the five strains were chosen using Find Differences JP (Saglasie, Yokohama), a software package that facilitates text comparison. The nucleotide sequences of the five strains were then compared again using nucleotide analysis software Genetyx Win (Genetyx, Tokyo). Among the selected SGIs, those containing a single ORF without the presence of structures resembling insertion sequences, transposases or integrases were selected ( Table 1) . Non-conserved regions with larger structures such as transposons and prophages were excluded.
Detecting SGIs
SGIs were detected and confirmed with the GeneAmp PCR System 9600 (Applied Biosystems, USA, CA). Conventional PCR was performed in a 20-μl mixture containing 10 ng of template DNA, Ex Taq buffer (2 mM Mg 2+ ), dNTPs (0.2 mM each), 0.4 units of Ex Taq DNA polymerase (Takara Bio, Otsu, JAPAN) and 0.2 μmol -1 of primer pairs ( Table 2 ). The PCR consisted of 30 cycles of the following steps: 94°C for 30 s, 53°C for 30 s and 72°C for 1 min. The PCR products (5 μl) were electrophoresed on 2.5% agarose gels in 0.5x Tris-borate-EDTA at 100 V for 25 min; the bands were then visualized with ethidium bromide under UV light.
M. tuberculosis Clinical Isolates
Samples were obtained from the Osaka Prefectural Medical Center for Respiratory and Allergic Diseases and National Institute of Infectious Diseases, Japan. The M. tuberculosis strains were isolated from 326 pulmonary TB patients in 2009. Forty consecutive clinical isolates (12.3% = 40/326) of MTBC were collected for molecular typing, with three laboratory strains (BCG Tokyo, H37Rv, and H37Ra) used as controls. The 40 clinical isolates were drug sensitive. 
Molecular Typing
IS6110-Based RFLP
PvuII-digested DNA of M. tuberculosis was probed with the insertion element IS6110 according to a standardized protocol [7] . Band patterns were analyzed using the BioNumerics software package (Applied Maths). Strains with identical RFLP band patterns were categorized as a cluster.
VNTR
Among 24 mycobacterial interspersed repetitive units (MIRU) loci, including four exact tandem repeats (ETRs) and 20 other loci proposed for VNTR [9, [14] [15] [16] [34] [35] [36] [37] , 15 were selected for use in typing Beijing strains as previously described [38] . VNTR typing was performed using ExTaq with GC PCR buffer I (Takara Bio). The PCR mixture was prepared in a 20-μl volume with 1x GC PCR buffer I, 0.5 U Ex Taq, 200 M each of four dNTPs, 0.5 mM of the primer set and 10 ng template DNA. All loci were amplified under the following conditions: initial denaturation at 94°C for 5 min; 35 cycles of 94°C for 30 s, 63°C for 30 s and 72°C for 3 min; followed by a final extension at 72°C for 7 min.
Spoligotyping
Spoligotyping was performed as previously described [19] . Spoligotype families were assigned as described [22, 24, 39] .
Minimal Spanning Tree (MST) Analysis
MST analysis was performed, based on the VNTR genotypes, using BioNumerics software version 4.61 (Applied Maths) to reconstruct a hypothetical phylogenetic tree for clinical isolates. The reconstruction was performed using previously reported criteria [40] .
Statistics
The Discriminatory Power (D) is the average probability that the typing system will assign a different type to two unrelated strains randomly sampled in the microbial population of a given taxon. D was calculated using Simpson's index of diversity formula [41] .
RESULTS
Detecting SGIs
Non-conserved regions among the five sequenced strains were predicted using computational analysis to identify nine potential SGI targets ( Table 1 ). All SGIs were found in non-essential genes [32] . Conventional PCR was used to confirm the presence or absence of each genomic islet in the selected ORF using the primers listed in Table 2 . PCR analysis showed different SGIs in the ORF of the five strains, suggesting that these nine loci could be good markers for M. tuberculosis strain discrimination (data not shown).
Spoligotyping and RFLP Analysis
Three laboratory strains and 40 clinical isolates were evaluated by the conventional discrimination methods of spoligotyping and RFLP analysis. Spoligotyping of the clinical isolates revealed one large group clustering as T3-OSAKA (n = 18, #4-21, Table 3 ) that was characterized by the presence of spacers 1-4 and 9-12 and the absence of spacers 5-8 and 33-36 [22] . Another large group clustering as Beijing (n = 8, #30-37, Table 3 ) had a specific spoligotype with the presence of spacers 35-43 [22] . Other clinical isolates (#38-43, Table 3 ), such as T1, T2, T3, T5, Haarlem (H) 1, and Latin America (LAM)1, also showed specific spoligotyping patterns predicted by SpolDB4 [24] (Table  3 ).
In the laboratory strains, spoligotyping analysis revealed the absence of spacers 3, 9, 16, and 39-43 in BCG Tokyo and the absence of spacers 20-22 and 33-36 in H37Rv and H37Ra [24] . When these spoligotyping results were compared with those of the RFLP analysis, the number of RFLP bands was variable, leading to the conclusion that they do not have the same genotype. In the T3-OSAKA group, the RFLP profile varied from one to five bands (gel fragments). In addition, four strains had spoligotyping patterns similar to those of the T3-OSAKA group. These isolates were named the Osaka-Family, although they differed in the number of RFLP bands. Another four sporadic isolates exhibited a small number of bands (1-5), but the spoligotyping patterns did not match those of either the Beijing or the T3-OSAKA strains. They were labeled non-B (Beijing), non-O (T3 OSAKA) strains. In contrast, RFLP analysis showed that the Beijing strains had multiple copy numbers of bands (9-16 bands). BCG Tokyo had two bands [42] , while H37Rv and H37Ra had fourteen and fifteen bands, respectively ( Table 3 ) [43] .
VNTR Analysis
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laboratory strains based on their VNTR types using the minimal spanning tree algorithm (Figure 1) . In the analysis, T3-OSAKA and Beijing isolates were clearly distinguishable, suggesting that they are genetically independent. Osaka-Family isolates were associated with T3-OSAKA, which was predicted from the spoligotyping results. Notably, although non-B, non-O isolates should differ from both T3-OSAKA and Beijing by spoligotyping, the VNTR-produced tree predicted an association between non-B, non-O and Beijing strains.
TB-SGIP Analysis
The new TB-SGIP assay was evaluated by analyzing the 40 clinical tuberculosis strains that had been examined by conventional analysis. Three laboratory strains were included as internal controls for the experiment. The results were displayed in a binary system with nine columns (1= SGI was present, 0 = SGI was absent) ( Table 5 ). All nine SGIs were present in the T3-OSAKA strains. All SGIs, with the exception of MT-1800, were present in the Beijing strains. These 
DISCUSSION
In this study, we developed a novel molecular discrimination assay, TB-SGIP, for M. tuberculosis based on differences in patterns produced by the presence or absence of small genomic islets in different strains. TB-SGIP data were analyzed and compared with traditional methods (i.e., RFLP, VNTR and spoligotyping). TB-SGIP was not inferior to spoligotyping and is better than conventional RFLP. In addition, TB-SGIP employs conventional PCR, which is less labor intensive than VNTR and less expensive than the spoligotyping assay. TB-SGIP is also as sensitive as VNTR. Consequently, TB-SGIP would be appropriate for the typing of different lineage strains.
The D of TB-SGIP and spoligotyping are similar, making it suitable for global surveillance and phylogenetic analysis. Moreover, the simple combination of PCR and agarose gel electrophoresis decreases the time needed to detect Beijing or T3-OSAKA strains over conventional assays such as VNTR analysis and spoligotyping. A limitation of this analysis would be the relatively small number of non-B, non-O strains (n = 4), preventing the calculation of a false positive rate.
The TB-SGIP results were displayed with the number of small genomic islands in the strains. As all eighteen strains had the same results, T3-OSAKA appeared to be one of the ancient lineages of MTBC. A comparison of the Beijing and T3-OSAKA strains showed only one deletion of a genomic island in TB-SGIP. These data suggest that Beijing and T3-OSAKA strains might be closely related. However, other assays produced significant differences among them. Genomic data from five sequenced strains were used to establish SGIP, which could be listed as another limitation of the current analysis since there might be a sequence bias in the reference strains. This bias could be removed with future access and use of more whole genome data of M. tuberculosis strains.
Although H37Rv and H37Ra share a common ancestor in H37, one is virulent (H37Rv) while the other is not. The difference between the two is the presence of MT1800 in H37Ra. MT1800 might function to influence virulence attenuation between these strains. Therefore, a check for the presence of MT1800 by PCR is sufficient for discrimination of Beijing and T3-OSAKA strains. In addition, use of the TB-SGIP assay might lead to prediction of strain characteristics if further study confirms the functions of each genomic island.
In summary, TB-SGIP is as good as spoligotyping and superior to RFLP analysis for the typing of M. tuberculosis. In this study we compared only two strains, Beijing and T3-OSAKA; however, this methodology can be applied to the broad discrimination of M. tuberculosis clinical isolates.
CONCLUSION
TB-SGIP, a novel molecular typing method for M. tuberculosis, can differentiate between strains of M. tuberculosis with almost the same discriminatory power as spoligotyping. Moreover it is a simple, easy and quick method to discriminate Beijing and T3-OSAKA strains. The TB-SGIP assay is based on the presence or absence of genomic islands, and may be able to predict strain characteristics if further study is able to clarify the functions of each island.
